Keywords: Allelochemical Coumarin P-vanillin E. indica Phytotoxicity Repeated use of herbicides has led to the occurrence of Eleusine indica biotypes evolving resistance to various groups of herbicides. The use of allelochemicals as an alternative method of weed control has been receiving a lot of attention recently. Coumarin and p-vanillin, two phenolic compounds belonging to this large class of allelochemicals, have proven to inhibit germination of E. indica greatly in a previous study. However, the efficacy of these two phenolic compounds is dependent on its absorption and is influenced by adjuvants. Thus, this study was conducted to determine the effectiveness of selected non-ionic surfactants (NIS) and an organosilicon (OS) in enhancing the phytotoxic activity of coumarin in combination with p-vanillin on emergence and growth E. indica seedlings under controlled laboratory conditions. Autoclaved and non-autoclaved soil samples were additionally used in the study to determine soil microbe effect on the activity of the phenolic mixture. Results have shown that the NIS, Tween-20 at 0.2% and Speed-Thru at 0.08% were effective in enhancing the phytotoxicity of the phenolic mixture. Two of the adjuvant concentrations used resulted in a reduced dosage of the phenolic mixture needed to reach 90% reduction in emergence (EM 90 ), fresh weight (FW 90 ), shoot length (SL 90 ) and root length (RL 90 ) by 2 to 3 fold. The NIS, Dupont at low dosage of 0.125% was effective in reducing the EM 90 and RL 90 values by 2.5 to 3.0 fold whereas the OS, Speedex at a recommended dosage of 0.1%, was found to be able to decrease the EM 90 , SL 90 and RL 90 values by 2 to 3 fold. On the other hand, the phytotoxic effects of the phenolic mixture on E. indica grown in non-autoclaved soil were less than those observed in autoclaved soil, demonstrating the role of microbes in reducing the bioavailability of the phenolic mixture in the soil.
Introduction
Eleusine indica L. (Gaertn), commonly known as goosegrass, is a monocot weed belonging to the Poaceae family. It is widespread in the tropics, particularly in Asia, Africa, South America and the southern parts of North America (Holm et al., 1977) . E. indica is listed as one of the five most noxious weeds in the world and has been reported to be a problem weed for 46 different crop species in more than 60 countries (Holm et al., 1977) . In Malaysia it is a serious weed in orchards, vegetable farms as well as in oil palm and rubber plantations and is responsible for significant yield loss (Ng et al., 2004) .
Various means of control including mechanical, chemical and biological can be used to reduce infestation. However, the use of synthetic herbicides or chemical control is more common since it is a very effective, reliable and cheap method of weed control. Therefore, various herbicides have been synthesized and utilized for this purpose. Nevertheless, excessive use of herbicides has led to environmental pollution and human health problems (Singh et al., 2006) . Besides, the situation is further aggravated by a dramatic increase in herbicide-resistant weed biotypes which occur when a particular herbicide has been used repeatedly in the same area on the same type of weeds. To date, there are nearly 365 weed-resistant biotypes belonging to 200 species (115 dicots and 85 monocots) spread over 450, 000 ha of fields that have been developed (Heap, 2011) . E. indica is one of the weed species that has evolved resistance to several herbicides, including the dinitroaniline herbicides (Mudge et al., 1984) , acetyl CoA carboxylase inhibitors (Leach et al., 1995) , glyphosate (Lee and Ngim, 2000) and glufosinate (Chuah et al., 2010) . Consequently, alternative weed control methods are necessary. One such alternative is the use of natural plant products through the phenomenon of allelopathy, which has been receiving much attention in recent years (Singh et al., 2006) .
Chemicals with allelopathic potential are usually secondary metabolites that are present in almost all plants and these chemicals can be released into the environment by means of volatilization, leaching, decomposition of residues and root exudation. Allelochemicals that are excreted from plants may disrupt the biochemical pathway and suppress South African Journal of Botany 84 (2013) [128] [129] [130] [131] [132] [133] the growth of neighboring or successional plants (Inderjit and Duke, 2003) . Coumarin and p-vanillin are phenolic compounds belonging to this large class of allelochemicals. Coumarin has been proven to be a strong inhibitor of seed germination in durum wheat (Triticum turgidum) as it affects root formation and function, causes a decrease in respiration and photosynthesis and influences nitrogen uptake and metabolism (Abenavoli et al., 2006) . P-vanillin has also shown inhibitory effects on the germination and root growth of Arabidopsis thaliana (Reigosa and Pazos-Malvido, 2007) . Coumarin and p-vanillin were selected as the two phenolic compounds for the current study because they exerted inhibition (ED 50 ) on the germination of E. indica with the lowest dosage compared to others tested in a previous study (Chiong, 2008 ).
An adjuvant is a substance that is commonly added to pesticide products to enhance effectiveness. Adjuvants include a wide range of compounds such as surfactants, stickers, sun screen agents, humectants and anti-evaporation agents (Curran et al., 1999) . For example, the addition of an appropriate dosage of a non-ionic surfactant (NIS) and an organosilicon (OS) can reduce the application rates of the herbicides-triclopyr plus metsulfuron that are used for decreasing the fresh weight of the broad leaved weed Hedyotis verticillata by two to threefold (Chuah et al., 2009 ). The effective absorption of the phenolic compounds into the seeds is very important. It was, therefore, postulated that the phytotoxic activity of the phenolic mixture of coumarin and p-vanillin may be enhanced or improved through the addition of adjuvants. On the other hand the persistence, availability and biological activity of phenolic compounds can be influenced by soil microbes (Inderjit, 2005) . Soil microbes are known to detoxify or magnify the toxicity of allelochemicals (Kaur et al., 2009 ). The present study was conducted to: 1) determine the effectiveness of three selected non-ionic surfactants and an organosilicone in enhancing the phytotoxic activity of coumarin plus p-vanillin and 2) determine the effects of soil microbes on the phytotoxic activity of coumarin plus p-vanillin.
Materials and methods

Plant materials
E. indica seeds were collected from the greenhouse of Universiti Malaysia Terengganu (UMT). The outer membranous bracts that enclosed the seeds were scarified using sand paper in order to accelerate germination.
Soil preparation
The soil was sieved through a 1 mm mesh after being air-dried for 3 days. The soil type used was silty loam (35% sand, 58% silt, and 7% clay) with a pH of 4 and an organic matter content of 3.6%. Autoclaved and non-autoclaved soil samples were used in the study. For sterilization, the relevant portion of the soil was autoclaved at 121°C and 103 kPa pressure for 30 min for three consecutive days.
Preparation of the phenolic solutions
Two phenolic acids, coumarin (Sigma-Aldrich, France) and p-vanillin (Sigma-Aldrich Chemie, Germany), were dissolved in methanol:water (20:80). The stock solution was adjusted to a concentration of 5 mM. A range of various aqueous concentrations was prepared. A previous study by Chiong (2008) had demonstrated high inhibitory effects on the germination of E. indica when the seeds were treated with a combination of 0.19 mM coumarin and 0.08 mM p-vanillin under soilless conditions. Based on the above concentrations, a series of the phenolic mixture dosages were derived and used in the subsequent study.
Adjuvants
The adjuvants used in the study were three non-ionic surfactants (NIS-DuPont®; Tween-20®; Speed-Thru®), and an organosilicon (OS-Speedex®). Each adjuvant constituted different active ingredients (Table 1) .
2.4.1. Experiment 1: the phytotoxic effect of the phenolic mixture (coumarin plus p-vanillin) with the addition of various concentrations of adjuvants Twenty five gram samples of autoclaved soil were transferred to 8 cm diameter Petri dishes. Subsequently, 50 E. indica seeds were placed on the surface and sprayed with 8 ml of the phenolic mixture containing coumarin plus p-vanillin at four different dosages. To each dose, different adjuvant concentrations were added as follows: NIS ( 2.4.2. Experiment 2: effect of soil microbes on the phytotoxic activity of the phenolic mixture Autoclaved and non-autoclaved soil samples were used in this experiment in order to determine the effect of soil microbes on the phytotoxic activity of the phenolic mixture. The procedure of this experiment was similar to that of Experiment 1. However, soil in each Petri dish was sprayed with 8 ml of the phenolic mixture only at the highest dose (3.07 mM coumarin + 1.34 mM p-vanillin) with the addition of the twelve different adjuvant dosages. The controls were treated as described above. Two weeks after treatment, the emergence, fresh weight, shoot length and root length of each seedling were recorded and expressed as percentage of their respective controls.
Experimental design and statistical analysis: Experiments 1 and 2 were carried out using a completely randomized block design, with three replications for each treatment. For Experiment 1, all the percentage data were fitted to log-logistic regression models as follows:
where, Y emergence/fresh weight/shoot length/root length percentage a c o e f ficient corresponding to the lower and upper asymptotes b slope of the line x the phenolic acid dose Table 1 Active ingredients of the non-ionic surfactants (DuPont®; Tween-20®; and Speed-Thru®) and an organosilicon (Speedex®).
Adjuvants Active ingredients
Non-ionic surfactant (DuPont®) Sodium lauryl ether sulfate Non-ionic surfactant Polyethylene sorbitan monolaurate Non-ionic surfactant (Speed-Thru®) Octylphenoxypolyethoxyethanol + akylester sulfonate isopropanol Organosilicon (Speedex®)
Polyether + polymethylsiloxane copolymer x 0 the phenolic acid dose at the point of inflection half way between the upper and lower asymptotes.
Regression analyses were conducted using the Sigma Plot version 10 software. The dosage of the phenolic mixture plus the addition of each adjuvant that caused a 90% reduction in emergence (EM 90 ), fresh weight (FW 90 ), shoot length (SL 90 ) and root length (RL 90 ) were calculated from the regression equations. The EM 90 , FW 90 , SL 90 and RL 90 values were subjected to the one-way ANOVA and the means were compared using Tukey's test at the 5% of significance level.
For Experiment 2, results were expressed as mean values with standard deviations for the three replicates of each treatment. Square root transformation was performed on all data expressed as percentage of the control before conducting the one-way ANOVA, and treatment means were compared using Tukey's test at the 5% significance level. The t-test was used to evaluate the difference between autoclaved and non-autoclaved soils.
Results
Tables 2-5 illustrate the phytotoxic effects of coumarin plus p-vanillin at different doses with and without the addition of the various adjuvants, on the emergence, fresh weight, shoot length and root length reduction of E. indica, respectively. The phytotoxic activity of coumarin plus p-vanillin was found to be concentration dependent. The percentages of emergence, fresh weight, shoot length and root length of E. indica decreased progressively with increasing concentrations of the phenolic mixture (data not shown). To achieve the amount of the phenolic mixture needed to attain 90% reduction in the emergence (EM 90 ), fresh weight (FW 90 ), shoot length (SL 90 ) and root length (RL 90 ) for E. indica, the treatment mixtures of coumarin and p-vanillin used were 3.17 mM coumarin+1.39 mM p-vanillin (Table 2) , 3.28 mM coumarin+1.43 mM p-vanillin (Table 3) , 3.52 mM coumarin+1.54 mM p-vanillin (Table 4 ) and 3.64 mM coumarin+1.59 mM p-vanillin (Table 5) , respectively.
Most of the adjuvant combinations used in the study were able to reduce the EM 90 , FW 90 , SL 90 and RL 90 of E. indica by at least 1.5 fold (Tables   2-5 ). However, each adjuvant showed variable levels of enhancement on the phytotoxic activity of coumarin plus p-vanillin to E. indica because of differences in their active ingredients. Among the 12 different adjuvant combinations tested, the NIS, Tween-20 at 0.2% and the NIS, Speed-Thru at 0.04% were more effective than the other combinations in enhancing the phytotoxic activity of coumarin plus p-vanillin. Two of the adjuvant combinations were able to cause reduction in EM 90 , FW 90 , SL 90 and RL 90 values by 2 to 3 fold. Both NIS, Dupont and OS, Speedex, were comparatively less effective to enhance the activity of the phenolic mixture. The NIS, Dupont at low dosage of 0.125% was Table 2 Treatment of E. indica seeds with mixtures of coumarin and p-vanillin plus the addition of non-ionic surfactants (DuPont; Tween-20; and Speed-Thru), and an organosilicon (Speedex) at different doses to obtain 90% emergence reduction (EM 90 ) of seedlings.
Adjuvant dosage (%)
Coumarin + vanillin dosage to obtain EM 90 (mM) Table 6 shows the emergence, fresh weight, shoot length and root length of E. indica grown in autoclaved/non-autoclaved soil treated with a mixture of coumarin and p-vanillin at the dosage of 3.07 mM coumarin+ 1.34 mM p-vanillin, along with 12 different adjuvant concentrations. It is found that the emergence, fresh weight, shoot length and root growth of E. indica grown in autoclaved soil were apparently more inhibited than when grown in non-autoclaved soil. Under non-sterile conditions, the percentages obtained for emergence, fresh weight, root length, and shoot length of E. indica ranged from 74 to 98%, respectively, after the treatments (Table 6 ). Interestingly, the addition of NIS, Tween 20 and NIS, Speed Thru or OS, Speedex to the phenolic mixture was able to increase the inhibition of emergence by 10-26%. For example, the percentage emergence decreased to approximately 80% with the addition of the NIS-Tween-20 regardless of the dosage. Similarly, the emergence percentage decreased from 98 to 81% with increasing concentrations of the NIS-Speed-Thru. Treatment with 0.1% of the OS, Speedex, caused reduction in the emergence percentage by 24%. In line with the emergence results, the percentages of root length ranged from 74 to 90% when being treated with the phenolic mixture irrespective of any added adjuvants. Fresh weight and shoot growth of E. indica were comparatively less inhibited by the phenolic mixture with the addition of NIS or OS. The value of the fresh weight reduction percentage added with the NIS, Tween-20, was from 95 to 80% with concentrations of Tween-20 from 0.05 to 0.2%. The addition of the NIS, Speed-Thru and the OS, Speedex at the respective highest dosage resulted in fresh weight reduction by approximately 16%. With increasing concentrations of the NIS or OS, the shoot length percentage was reduced by 10-20%.
Discussion
Coumarin and p-vanillin had been shown to manifest high inhibition on the germination of E. indica at low dosages in a previous study (Chiong, 2008) , therefore these two phenolic compounds were selected for the present study as the phenolic mixture. Einhellig (1995) reported that nearly all allelopathic activity is due to mixtures of two or more compounds. It is well known that phenolic compounds play an important role in allelopathy by either inhibiting germination or reducing growth of seedlings (Rice, 1984) . This statement is manifested by the results of the present study, whereby the emergence, fresh weight, shoot length and root length were reduced when treated with a mixture of coumarin and p-vanillin (Tables 2 to 5 ). Einhellig (1995) also stated that the disruption of the cell membrane is the common mode of action of phenolic acids. After the phenolic acids enter the cell through the membrane, they may cause depolarization of the cell membrane, influencing membrane ATPase activity and ion influx, thus causing disturbance or disruption of the cell membrane. This is followed by other physiological activities that inhibit hydraulic conductivity, nutrient or mineral uptake and alteration in phytohormone activity (Einhellig, 1995) . Pergo et al. (2008) found that coumarin was the most phytotoxic compound compared to other assayed compounds such as caffeic acid, p-coumaric acid, ferulic acid, flavone, vanillic acid, protocatechuic acid and linolenic acid. Coumarin completely suppressed germination and growth of Bidens pilosa at a concentration of as low as 500 μM. Besides, coumarin is also a strong inhibitor of seed germination and root growth of crops including durum wheat (T. turgidum), maize (Zea mays) and carrot (Daucus carota) (Abenavoli et al., 2003 (Abenavoli et al., , 2004 (Abenavoli et al., , 2006 . On the other hand, p-vanillin also exhibited inhibitory effects on the germination of Trifolium repens seeds, at high concentrations (Souto et al., 1995) . Thus, it is not surprising that a mixture of coumarin plus p-vanillin could exert inhibitory effects on the emergence and growth of E. indica even without the addition of adjuvants. Previous studies have shown NIS (Speed-Thru) 0.000 0 100 ± 5a 0 100 ± 8a 0 100 ± 4a 0 100 ± 5a 0.020 0 98 ± 2ab 0 88 ± 4ab 0 90 ± 8ab 0 86 ± 0b 0.040 0 93 ± 3b 0 83 ± 7b 0 85 ± 4b 0 83 ± 5bc 0.080 0 81 ± 1c 0 84 ± 5b 0 80 ± 4b 0 77 ± 0c OS (Speedex) 0.000 0 100 ± 5a 0 100 ± 8a 0 100 ± 4a 0 100 ± 5a 0.050 0 83 ± 2b 0 86 ± 7b 0 98 ± 0ab 0 86 ± 9ab 0.100 0 76 ± 4c 0 84 ± 5b 0 88 ± 4b 0 91 ± 5ab 0.200 0 82 ± 1bc 0 84 ± 4b 0 90 ± 8ab 0 80 ± 5b
Abbreviations: NIS, non-ionic surfactant; OS, organosilicon; A, autoclaved; NA, non-autoclaved. Data are expressed as mean percentages of 3 replicates with respect to the control ± standard deviation. The control indicates the emergence, fresh weight, shoot length and root length of E. indica treated with the phenolic mixture at a dose of 3.07 mM coumarin + 1.34 mM p-vanillin alone without the addition of any adjuvants. Different alphabets within the same column for each adjuvant type indicate significant difference at P b 0.05 (Tukey's test). ⁎ Denotes significant difference (P b 0.05) between autoclaved and non-autoclaved soils using the t-test.
that seedling growth especially root growth was more affected by phenolics than germination was (Chiong, 2008; Chon & Nelson, 2010) . In contrast to previous studies, in the current study, the phenolic mixture of coumarin plus p-vanillin provided more inhibition on the emergence than on the seedling growth of E. indica without added adjuvants. At the EM 90 level, the phenolic mixture that inhibited the emergence of E. indica was at the concentration of 3.17 mM coumarin + 1.39 mM p-vanillin (Table 2) . Nevertheless, this concentration is much higher than that reported by Chiong (2008) , where an inhibition required a concentration of just 0.90 mM coumarin + 0.39 mM p-vanillin.
The reduced phytotoxic activity of the phenolic compounds in the present study was probably due to soil factors. The previous study (Chiong, 2008) was carried out on filter paper, therefore the phytotoxic activity of the phenolic compounds was not affected by soil factors, therefore a lower concentration of the phenolic mixture was required to inhibit the germination and growth of E. indica. Besides, the use of filter paper bioassays was not sufficient to evaluate the phytotoxic activity of allelochemicals under natural conditions. As most allelopathic interactions take place in the soil, the soil plays an important role in the transportation of allelochemicals. During this transportation, the soil matrix is capable of altering the bioavailability of allelochemicals. Inderjit (2001) demonstrated that the phytotoxicity of allelochemicals can be affected by soil factors. Soil sorption is one of the prominent factors that can affect the phytotoxicity of allelochemicals (Tharayil et al., 2006) . It was reported that various soil components such as clay particles, sesquioxides and organic matter were able to absorb plant allelochemicals (Ohno, 2001) . The above study was carried out using silty loam soil, which has been proven to have high sorption affinity (Tharayil et al., 2008) . Tharayil et al. (2008) showed that the highest amount of water-extractable phenolic acids was obtained from sandy loam soil, whereas no detectable amount of phenolic acid was obtained from silty loam soil. Compared to sandy loam, silty loam soils have more reactive clay fractions, and organic matter which reduce their aqueous extractability. The sandy loam soil and silty loam soil were reported to contain 2.5 and 5.1% organic matter, respectively (Tharayil et al., 2008) . The silty loam soil in the present study had an organic matter content of 3.6% which is lower than that reported by Tharayil et al. (2008) , but higher than that of the sandy loam soil. Dalton et al. (1983) reported that the adsorption of phenolic compounds in the soil increased with increasing soil organic matter content. This implies that the silty loam soil has high sorption affinity that results in lower extractability of the phenolic acids from the soil. In other words, the high sorption affinity of the silty loam soil might decrease the concentration of the phenolic compounds in the soil of its initial concentration, and the phytotoxic activity is likely to decrease with increasing organic matter content in the soil. Besides, phenolic compounds with the methoxy group (\O\CH 3 ) can be sorbed more readily to the soil, because the methoxy group repels electrons and increases the electron density of the ring, thus increasing its binding affinity towards organic material and metal cations (Tharayil et al., 2006) . Hence, it is likely that the phytotoxicity of p-vanillin with a methoxy group which is combined with coumarin is greatly reduced due to the high sorption affinity in the soil.
On the other hand, the sorption of phenolic acids on the soil surface might also catalyze oxidation processes. Many researchers have demonstrated that phenolic acids that are released from plants are either rapidly sorbed into the soil or sorbed with subsequent oxidation by the soil (Makino et al., 1996; Schmidt and Ley, 1999) . This oxidative reactivity of phenolic acids may limit the potential of the allelopathy by rapidly decreasing the phytotoxic concentration of phenolic compounds in the soil system (Ohno, 2001) . Moreover, the allelopathy of phenolic acids is also suppressed through further oxidation processes that cause the polymerization of phenolic compounds in soils. Phenolic compounds are reported to be polymerized into non-phytotoxic phenolic polymers or humic acids by soil minerals such as Mn, Fe, Al, and Si oxides (Huang et al., 1999) . The sorption of phenolic acids on soil particles does not provide enough protection necessary to build up a phytotoxic concentration in the soil that can have an adverse effect on seed germination or seedling growth (Blum, 1998) . As a result, higher concentrations of coumarin plus p-vanillin will be required to inhibit the emergence and growth of E. indica.
However, the addition of the appropriate adjuvants could significantly reduce the concentration of coumarin plus p-vanillin required to inhibit the emergence and growth of E. indica. Addition of the adjuvants used in the current study significantly enhanced the phytotoxic activity of coumarin plus p-vanillin on E. indica compared to that when coumarin plus p-vanillin was applied alone. In addition, the plants were completely inhibited at the dosage of 3.07 mM coumarin + 1.34 mM p-vanillin in combination with adjuvants at any dosage. In the study, the NIS-Tween-20 at 0.2% and the NIS-Speed-Thru at 0.04 and 0.08% provided better enhancement on the phytotoxic activity of coumarin plus p-vanillin for the emergence, fresh weight, shoot length and root length of E. indica, compared to that with the other adjuvant combinations. The non-ionic surfactants (NIS) consist of lipophilic groups and a chain of ethylene oxides as the hydrophilic head that enable various types of binding, which in turn reduce the surface tension of the spray solution, allowing the spray solution to be more evenly spread over the plant surface and reach its target areas (Krogh et al., 2003) .
The results using autoclaved soil imply that the microbes in non-autoclaved soil cause degradation of the phenolic compounds, resulting in significant reduction in their phytotoxic activity. Microorganisms have been considered to be an important factor affecting allelopathic activity in soil (Blum, 1998) . This is because soil microorganisms generally utilize phenolic compounds as carbon sources (Inderjit, 1996) . Besides, microorganisms also produce enzymes which can catalyze oxidation and polymerization reactions of phenolic acids (Huang et al., 1999) . The polymerization and oxidation reactions may transform the phenolic compounds into more complex products. For example, umbelliferone or 7-hydroxycoumarin is an oxidized form of coumarin, which has been proven to be less effective in inhibiting seed germination of radish than coumarin itself. The activity of coumarin as a germination inhibitor is due to its specific structure, and any change in the structure may lead to the partial destruction of its activity as a germination inhibitor (Bernhard, 1959) . On the other hand, vanillic acid is an oxidized form of p-vanillin. It has been shown that the vanillic acid had no effect on the seed germination and seedling growth of alfalfa, sorghum and oats at a concentration of 10 −3 M, a concentration much higher than that detected in soil (Krogmeier and Bremner, 1989) . The same applies to coumarin. This clearly indicates that microbial activity will alter phenolic compounds in the soil and reduce the persistence and toxicity of phenolic compounds (Blum et al., 1999) . Therefore, the percentage emergence, fresh weight, root length, and shoot length of E. indica were higher under non-sterile condition. Although the mixture of coumarin plus p-vanillin did not effectively inhibit the germination of E. indica when grown in non-autoclaved soil, the time for the E. indica to emerge was delayed when the phenolic mixture was treated with adjuvants, compared to the time taken in the control (data not shown). This is because the use of adjuvants enhances the coverage and spread of the spray droplets by reducing the surface tension, which then allows the phenolic mixture to penetrate the seed, and affects the germination of the seed. However, the effects of the phenolic mixture on the germination of the seeds were merely temporarily suppressing the early stage of germination. Since most of the phenolic mixture was degraded by the soil microbes under the non-autoclaved soil conditions, the lower concentration of the phenolic mixture was not sufficient to inhibit germination of the seed and the germination process continued. In spite of this, the addition of the appropriate adjuvants to the mixture of coumarin plus p-vanillin still slightly reduced the percentage emergence, fresh weight, shoot length and root length of E. indica. Therefore, the adjuvants did play an important role in enhancing the activity of coumarin plus p-vanillin.
Conclusion
The addition of non-ionic surfactants (DuPont; Tween-20; SpeedThru), and an organosilicon (Speedex) at appropriate dosages to the mixture of coumarin and p-vanillin provided good control of E. indica. Most of the adjuvant combinations reduced the dosage of the phenolic mixture needed to cause 90% reduction in emergence, fresh weight, shoot length and root length of E. indica by at least 1.5 fold. The results of the study also showed that the NIS, Tween-20 at 0.2% and the NIS, Speed-Thru at 0.04 were effective in enhancing the phytotoxic activity of coumarin plus p-vanillin by reducing the phenolic mixture dosage needed to cause 90% reduction in emergence, fresh weight, shoot length and root length by 2 to 3 fold. On the other hand, the phytotoxic effects of coumarin in combination with p-vanillin on the emergence, fresh weight, shoot length and root length of E. indica grown in non-autoclaved soil were less than those in autoclaved soil, demonstrating the significant effect of microbes that affect the allelopathic activity of coumarin plus p-vanillin in the soil.
